Seasonal and Sex Differences in the Effects of Melatonin on Brain Arginine Vasotocin in Green Treefrogs (Hyla cinerea): Relationship to Melatonin Receptor 1a by Howard, Christina Marie
Portland State University
PDXScholar
Dissertations and Theses Dissertations and Theses
Spring 5-30-2014
Seasonal and Sex Differences in the Effects of Melatonin on Brain
Arginine Vasotocin in Green Treefrogs (Hyla cinerea):
Relationship to Melatonin Receptor 1a
Christina Marie Howard
Portland State University
Let us know how access to this document benefits you.
Follow this and additional works at: http://pdxscholar.library.pdx.edu/open_access_etds
Part of the Neuroscience and Neurobiology Commons
This Thesis is brought to you for free and open access. It has been accepted for inclusion in Dissertations and Theses by an authorized administrator of
PDXScholar. For more information, please contact pdxscholar@pdx.edu.
Recommended Citation
Howard, Christina Marie, "Seasonal and Sex Differences in the Effects of Melatonin on Brain Arginine Vasotocin in Green Treefrogs
(Hyla cinerea): Relationship to Melatonin Receptor 1a" (2014). Dissertations and Theses. Paper 1871.
10.15760/etd.1871
 Seasonal and Sex Differences in the Effects of Melatonin on Brain Arginine Vasotocin in 
Green Treefrogs (Hyla cinerea): Relationship to Melatonin Receptor 1a  
 
 
 
 
by 
Christina Marie Howard 
 
 
A thesis submitted in partial fulfillment of the  
requirements for the degree of  
 
 
Master of Science  
in 
Biology 
 
 
 
Thesis Committee: 
Deborah I. Lutterschmidt, Chair 
Randy Zelick  
Bradley Buckley 
 
 
 
Portland State University 
2014 
 i 
 
Abstract 
Critical life history events such as breeding, migration and hibernation must take place in 
the correct environmental context to minimize deleterious consequences on survival and 
reproductive fitness. Neuroendocrine mechanisms synchronizing internal physiological 
states with extrinsic environmental cues are vital to timing life history events 
appropriately. Secretion of the pineal hormone melatonin is sensitive to light and 
temperature cues, which provides a physiological indicator of time of day and time of 
year for organisms. Melatonin influences seasonal reproduction in a variety of 
vertebrates, likely by altering the synthesis and/or release of reproductive neuropeptides 
in the brain. The neuropeptides arginine vasotocin and its mammalian homologue, 
arginine vasopressin, are well-known modulators of reproductive and sociosexual 
behavior across vertebrate taxa, and are likely targets of melatonin in the context of 
seasonal reproduction. There is extensive evidence that vasotocin/vasopressin innervation 
in the brain is subject to seasonal variation, and that this variation is frequently sexually 
dimorphic. However, evidence that melatonin directly modulates this important 
neuropeptide system is lacking. Melatonin receptor 1a (MT1 in mammals) may be 
responsible for mediating melatonin’s influence on brian vasotocin, as it is known to 
regulate seasonal reproduction in a variety of vertebrates. In the present study, I asked 
whether melatonin influences brain vasotocin in male green treefrogs (Hyla cinerea), and 
compared the distribution of melatonin receptor 1a in the brain of green treefrogs 
between sexes and seasons. Adult male and female green treefrogs were collected from 
field sites in Louisiana during the summer breeding season. Summer animals were 
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acclimated to lab conditions for 3 weeks, then euthanized and their brains collected. 
Winter animals were maintained in the lab for four months under incrementally changing 
photo-, thermo-, and hygroperiod regimes that mimicked the transition to winter in their 
natural habitat, followed by euthanasia and brain collection. A subset of winter males 
(Experiment 1) were implanted with melatonin-filled or blank silastic capsules for a 
period of one month prior to euthanasia and brain collection. Brains of these males were 
processed for vasotocin immunohistochemistry. I quantified AVT-ir cell number in 
Experiment 1 males in the nucleus accumbens (NAcc), amygdala and caudal striatum 
(AMG), preoptic area (POA), suprachaismatic nucleus (SCN), and ventral hypothalamus 
(VH). Melatonin did not influence brain vasotocin-ir cell number in any brain region.  
Brains from untreated summer and winter males and females were collected and 
processed for MT1 immunohistochemistry. MT1-ir cells were quantified in the NAcc, 
striatum (STR), AMG, POA, SCN, and VH. In all regions quantified, reproductively 
active males had significantly more MT1-ir cells than nonreproductive males. Within the 
summer breeding season, males had significantly more MT1-ir cells in the NAcc than did 
reproductively active females. In all other regions there was no significant difference in 
MT1-ir cell number between reproductively active males and females. Collectively, these 
data suggest that melatonin modulates vasotocin via MT1. These findings assist in 
elucidating the neuroendocrine mechanisms by which vertebrates integrate seasonal cues 
with physiology to correctly time critical life history events.  
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INTRODUCTION AND LITERATURE REVIEW 
 
 
Timing of critical life-history events 
 
Behaviors such as reproduction, feeding, and migration are critical life-history 
events for a wide range of vertebrates, many of which perform these behaviors only at 
particular times of year. In a popular example of seasonal behavior, bears and other 
mammals hibernate during the winter, when temperatures are low and food is often 
scarce. Conversely, animals occupying xeric environments often estivate underground or 
in caves to avoid high temperatures and minimize water loss during the hottest part of the 
year. In these cases, the behavior in question must be performed in a particular 
environmental context, which is determined by a combination of environmental 
conditions such as temperature, humidity, day length, and food availability. Mistiming 
critical life history events and behaviors can have serious consequences on survival and 
reproductive fitness. For example, failure to migrate or reproduce at the correct time of 
year can result in parturition of young during times of unfavorable climate or food 
shortage. In one study of a migratory passerine, collared flycatchers (Ficedula albicollis) 
that laid eggs past the average first-egg date hatched chicks out-of-sync with the yearly 
peak in caterpillar abundance (their major food source) at their breeding grounds. Late 
hatchlings showed reduced capacity for compensatory weight gain as adults relative to 
on-time hatchlings (2). In this example, mistimed reproduction had significant 
consequences on the physiology of offspring, persisting even into adulthood. This 
example is just one of many illustrating the importance of coordinating seasonal 
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physiological rhythms with external environmental cues such as food availability, 
photoperiod, and social signals.  
 
Neuroendocrine regulation of biological timekeeping: Role of melatonin 
Neuromodulators and hormones are crucial signaling molecules that regulate 
physiology and organize behaviors. Accordingly, the neuroendocrine mechanisms by 
which animals synchronize their intrinsic physiological state with extrinsic environmental 
cues are vital to timing life-history events appropriately. One important endocrine 
transducer of environmental cues with respect to biological timekeeping is the 
indoleamine hormone melatonin, secretion of which is directly sensitive to photoperiod 
and temperature (3-7). Melatonin is synthesized primarily in the pineal gland, but also in 
the alimentary canal and Harderian glands (8). Regardless of the site of synthesis, 
melatonin is secreted only during scotophase (in darkness), such that the phase of the 
melatonin pulse encodes time of day, and the duration of elevated melatonin 
concentrations encodes day length (9, 10). Further, this photoperiodic pattern of 
melatonin secretion is highly conserved across taxa; regardless of temporal niche or site 
of synthesis, melatonin synthesis is inhibited by light, and therefore begins at the onset of 
darkness (10). Other environmental cues also influence melatonin synthesis and 
secretion. For example, in many ectotherms, such as Diamondback watersnakes (Nerodia 
rhombifer) and red-sided gartersnakes (Thamnophis sirtalis parietalis), decreased 
temperature depresses the amplitude of the nightly melatonin pulse, but the duration of 
the pulse is unaffected, providing even more specific information about environmental 
conditions (11, 12). Therefore, it is the overall rhythm of melatonin synthesis and 
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secretion, including the phase, duration and amplitude, that provides information about 
day length, day and night onset, and temperature. The result is a season-specific rhythm 
of melatonin secretion that organisms can use to synchronize their physiology and 
behavior with seasonally-changing environmental conditions.  
 
Role of melatonin in regulating seasonal reproduction 
Not surprisingly, melatonin influences seasonal reproduction in a variety of 
vertebrates (6, 13). Among the most well studied of these are sheep, whose extensively-
documented short-day breeding behavior is regulated principally by photoperiod-induced 
changes in melatonin (14). Pinealectomized Suffolk ewes showed similar reproductive 
responses to those of unaltered short-day or long-day ewes when infused with melatonin 
in patterns mimicking short or long photoperiods, respectively. Thus, changes in the 
melatonin pulse duration are sufficient to induce reproductive condition in these animals 
(15-17). In male green anoles (Anolis carolinensis), neither pinealectomy nor melatonin 
treatment influenced photoperiodic gonadal responses during the summer. However, 
during the winter, pinealectomy resulted in seasonal gonadal development, an effect that 
was blocked by subsequent treatment with melatonin (18). Therefore, in anoles, the 
sensitivity of gonadal processes to melatonin is itself seasonally modulated. Thus, 
although melatonin appears to regulate reproduction in some vertebrate groups, 
reproductive responses to melatonin treatment and/or pinealectomy vary both seasonally 
and across taxa. Accordingly, although melatonin itself is well-studied the molecular 
mechanisms by which melatonin influences vertebrate reproduction remain enigmatic.  
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Neuropeptide regulation of seasonal reproduction 
One possible mechanism by which melatonin may influence reproductive 
behavior is by altering the synthesis and/or release of reproductive neuropeptides in the 
brain (1, 19-21). By altering neuropeptide signaling, melatonin could thereby synchronize 
the regulation of reproduction with optimal environmental cues. The neuropeptide 
arginine vasotocin (vasotocin) and its mammalian homologue, arginine vasopressin 
(vasopressin), are likely targets of melatonin in this context, as they are well-known 
modulators of reproductive and social behavior (22-25). Vasopressin, also known as 
antidiuretic hormone (ADH) for its role in regulating vascular tone and water retention, 
was originally identified by Wolfgand Bargmann and Ernst Scharrer in 1951 as a product 
of neurosecretory cells in the hypothalamus (26). It was subsequently discovered that in 
addition to being synthesized in the hypothalamus (specifically the pre-optic area and the 
suprachiasmatic nucleus), vasotocin/vasopressin neuron populations have also been 
identified in the amygdala, nucleus accumbens and striatum (23, 27, 28). While the 
neurosecretory vasotocin cells of the pre-optic area of the hypothalamus are well-
understood to exert pressor effects and regulate water balance, the specific function of the 
other populations of vasotocin neurons remains enigmatic. However, neurohypophyseal 
hormones such as vasotocin and vasopressin can act on target neurons within the brain to 
influence neuronal firing rate (29). For example, injection of vasotocin via 
microionophoresis significantly decreased spontaneous neuronal firing in the rat brain 
(30).  Overall, the neuromodulatory vasotocin and vasopressin have been found to be 
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critical in regulating social and reproductive behavior across vertebrate taxa, and likely 
regulate these behaviors via localized modulation of nearby neurons (reviewed in 22, 31).  
A large body of work shows that treatment with exogenous vasotocin or 
vasopressin induces appetitive reproductive behavior in males of many vertebrate species 
including fish, anuran and urodelan amphibians, birds and mammals (22-24, 27, 32-37). 
For example, injection of exogenous vasotocin induces advertisement calling in many 
frogs (24, 33, 38-40) and courtship behavior, including clasping, in the rough skinned 
newt (Taricha granulosa) (34, 41). Moreover, there is extensive evidence that the 
vasotocin/vasopressin neuropeptide system varies seasonally, with vasotocin/vasopressin 
neuron number being higher during the breeding season in many species (22, 25, 42). 
Despite ample evidence that vasotocin and vasopressin are modulated seasonally, and 
that these nonapeptides are potent regulators of social reproductive behavior, few studies 
have directly investigated melatonin’s influence on the vasotocin/vasopressin 
neuropeptide system in vivo or in vitro (19, 20, 43).  
 
Influence of melatonin on the vasotocin/vasopressin neuropeptide system 
Given the crucial role of vasotocin and vasopressin in seasonal reproduction, 
these neuropeptides are potentially important targets of melatonin in synchronizing 
seasonal reproductive behavior with optimal environmental conditions. For example, in 
the long-day breeding (approximately April-May) green treefrog (Hyla cinerea), 
treatment of reproductively active males with melatonin significantly decreased 
vasotocin-immunoreactive (-ir) cell number in the nucleus accumbens (NAcc) and the 
suprachiasmatic nucleus (SCN), two brain regions associated with appetitive reproductive 
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behavior and circadian timing, respectively (1). Males of this species gather and call in 
leks to attract females, and must time this behavior correctly in order to reproduce 
successfully (44). Thus, regulation of vasotocin within the NAcc and SCN is probably 
critical for matching breeding behavior with the appropriate social and environmental 
context. Interestingly, not all vasotocin neuron populations were sensitive to melatonin 
signaling in this study. Other vasotocin neuron populations in this species, including the 
amygdala (AMG), pre-optic area (POA), and the ventral hypothalamus (VH) were not 
affected by melatonin treatment.  Moreover, the effects of melatonin on vasotocin were 
sexually dimorphic, as females showed no change in vasotocin-ir cell number in any 
vasotocin neuron population in response to melatonin (1). Because males of this species 
typically have more vasotocin-ir cells during the summer breeding season, and more 
vasotocin-ir cells than females in general, these results indicate that melatonin’s influence 
on brain vasotocin is both regionally specific and sexually dimorphic.  
 
Role of melatonin receptors in reproduction 
In the present study, I asked if melatonin also alters vasotocin-ir cell number in 
nonreproductive male green treefrogs in order to evaluate whether melatonin’s observed 
modulation of brain vasotocin is seasonal in this species. Further, because the response of 
brain vasotocin to melatonin in green treefrogs is sexually dimorphic (1), I asked whether 
the observed variation in brain vasotocin’s responsiveness to melatonin is related to 
differences in the distribution and/or number of neurons expressing melatonin receptor 
between sexes and seasons, especially in brain regions known to contain vasotocin 
neuron populations. Like most vertebrates, anuran amphibians possess three subtypes of 
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membrane-bound, G-protein coupled melatonin receptors: Mel1a, Mel1b, and Mel1c 
(MT1, MT2, and MT3 in mammals) I focused my study on melatonin receptor 1a (also 
called MT1 in mammals) for these studies because of its well-known role in regulating 
seasonal reproduction in other vertebrates (45, 46). For example, Siberian hamsters 
(Phodopus sungorus) that express functional brain MT1, but not MT2, change 
reproductive state following treatment with a melatonin receptor agonist (46). In orange-
spotted grouper (Epinephelus coioides), decreased MT1 expression increases expression 
of gonadotrophin releasing hormone receptors and alters ovarian fecundity (45). In both 
of these examples, MT1 regulates reproduction, but whether this regulation is directly 
tied to seasonal modulation of vasopressin or vasotocin is unknown. In Siberian hamsters 
and humans (Homo sapiens), MT1 localizes within vasopressin neurons in the SCN, 
suggesting that melatonin can directly modulate vasopressin neurons via a receptor-
mediated mechanism (47, 48). However, in both cases, the consequences of these 
observations on social or sexual behavior remain enigmatic.  
Based on these collective findings, I broadly hypothesized that 1) melatonin’s 
influence on brain vasotocin will vary seasonally, with brain vasotocin being less 
responsive to melatonin outside of the breeding season, and 2) brain MT1-ir cell number 
will vary with sex and season in seasonally breeding animals. In order to test these 
hypotheses, I used green treefrogs (Hyla cinerea) as a model organism due to their robust 
and quantifiable seasonal breeding behavior and physiology, and for their ease of capture 
and maintenance in a laboratory environment. Using green treefrogs, I asked the 
following questions: (1) Does melatonin alter the number of vasotocin-ir cells in the brain 
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of nonreproductive males? and (2) Does the distribution of MT1 in vasotocin neuron 
populations vary between sexes and seasons?  
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MATERIALS AND METHODS 
 These experiments were performed between July and November 2012 using adult 
green treefrogs (H. cinerea). Green treefrogs are native to the southeastern United States 
and breed between spring and late summer (approximately April through August). In 
order to attract females, males gather in lek-like aggregations and produce advertisement 
calls. Females do not call, but select mates from aggregations of calling males (44).  
Male and female frogs were purchased from General Exotics, Inc. (Moore, 
Oklahoma); frogs were field-collected from natural breeding populations in Houma, 
Louisiana. At Portland State University, animals were housed in 10-gallon aquaria in 
same sex groups of 4-6 individuals within a microprocessor-controlled environmental 
chamber. All aquaria contained a hide box, water dish, and artificial foliage. Water was 
provided ad libitum and frogs were fed crickets 2-3 times per week; crickets were fed 
vitamin-fortified cricket food ad libitum (Fluker Farms, Inc.). All experimental and 
animal care protocols were approved by the Portland State University Animal Care and 
Use Committee (approval number psu12.05.02.1).  
 
EXPERIMENAL DESIGN 
Experiment 1: Influence of melatonin on brain vasotocin 
In this experiment, I examined if melatonin affects vasotocin-ir cell number in 
nonreproductive male green treefogs. Due to the difficulty in collecting treefrogs during 
winter months, when they are typically dormant, I opted to collect reproductively active 
treefrogs during the breeding season and acclimatize them to increasingly winter-like 
environmental conditions using an environmental chamber. Upon arrival in the 
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laboratory, male frogs were acclimatized for 4 weeks to a 13:11 h L:D photoperiod and 
28:20oC thermoperiod, which mimicked the environmental conditions in Houma, LA 
during mid-summer. Following this 4-week acclimatization period, photoperiod, 
temperature, and humidity were adjusted every 3-4 weeks for the next three months until 
conditions closely resembled those of Houma, LA in mid-winter (Table 1). 
Nonreproductive status of male frogs was confirmed by an absence of calling behavior 
and regression of male throat pouches that are indicative of summer breeding activity  
(i.e. calling). Male frogs were then randomly assigned to either a melatonin or control 
implant treatment (n = 8 in each treatment group). The duration of hormone exposure was 
four weeks, such that winter-acclimatized frogs remained in the lab for a total of 20 
weeks before tissue sampling. At the end of the 4-week treatment period, all frogs were 
euthanized and their brains collected for vasotocin immunohistochemistry.  
 
Experiment 2: Seasonal and sex variation in MT1 immunoreactivity 
In this experiment, I asked if seasonal and sex differences in the influence of exogenous 
melatonin on vasotocin cell number are associated with variation in MT1 
immunoreactivity. I used a subset of male and female frogs for this experiment that were 
independent of those used in Experiment 1. Similar to our first experiment, frogs were 
acclimatized to a 13:11 h L:D photoperiod and 28:20oC thermoperiod upon arrival in the 
laboratory, thereby mimicking the environmental conditions in Houma, LA during mid-
summer. Following a 3-week acclimatization period, a randomly-selected subset of 
reproductively active, summer-acclimated frogs (n = 14 males, 6 females) were 
euthanized and their brains collected. The remaining animals were maintained in our 
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environmental chamber and incrementally acclimatized to winter-like conditions over a 
period of 3 months (Table 1). Non-reproductive, winter-acclimatized frogs (n = 13 males, 
3 females) were then euthanized and their brains collected for MT1 
immunohistochemistry.  
 
HORMONE MANIPULATION 
As in Lutterschmidt and Wilczynski [2012], I used melatonin-filled silastic capsules to 
artificially elevate melatonin in male green treefrogs in Experiment 1. Short lengths of 
silastic tubing (5 mm length × 0.76 mm inner diameter × 1.65 mm outer diameter) were 
packed with crystalline melatonin (Sigma, St. Louis, MO., USA). Control implants were 
identical in size to melatonin implants but were left empty. Both ends of the silastic 
capsules were sealed with medical-grade silicone sealant (Dow Corning, Midland, MI., 
USA). Frogs were anaesthetized by submersion in 0.2% methylsulfonic acid (MS-222) in 
amphibian Ringer’s solution (pH 7.2) for 5-7 minutes, after which a small incision 
(approx. 2-3 mm) was made on the lateral side of each animal, just posterior to the 
forelimb and slightly dorsal to the yellowish-white lateral stripe that is characteristic of 
this species. This stripe is bilateral and generally runs rostro-caudally from the upper lip 
to just anterior to the hind legs. A silastic capsule was inserted subcutaneously through 
the incision, which was then closed using one suture and a small quantity of tissue glue 
(VetBond, 3M Inc., St. Paul, MN., USA). All surgeries were performed within the 
environmental chamber to ensure frogs were not exposed to changes in ambient 
temperature. Frogs were allowed to fully recover from anaesthesia before being returned 
to their home aquaria. In Experiment 1, all animals within an aquarium received the same 
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hormone treatment and were housed separately from Experiment 2 frogs. During the 4-
week hormone treatment period, frogs were monitored daily to ensure that implants 
remained intact and proper healing occurred.  
  
TISSUE COLLECTION AND PROCESSING 
Frogs were euthanized by immersion in 0.4% MS-222 in amphibian Ringer’s 
solution (pH 7.2) for 4-10 minutes and rapidly decapitated. Implants from Experiment 1 
animals were removed to confirm that they had remained intact for the duration of 
hormone treatment. Gonads of each animal were inspected to confirm sex after tissue 
sampling. Brains were fixed via immersion in 4% paraformaldehyde in 0.1 M phosphate 
buffer (pH 7.2) for 16 h at 4oC, then cryoprotected in 30% sucrose in 0.1 M phosphate 
buffer. Brains were then sectioned into four series of 25-µm coronal sections that were 
thaw-mounted onto subbed slides (Superfrost Plus, Thermo Fisher Scientific, Inc., 
Pittsburgh, PA., USA). Slides were stored at -20oC prior to immunohistochemical 
staining.  
 
IMMUNOHISTOCHEMISTRY 
 I used immunohistochemistry for vasotocin to examine melatonin’s influence on 
vasotocin-ir cell number in nonreproductive male H. cinerea. Likewise, I used 
immunohistochemistry for MT1 to determine the distribution of MT1-immunoreactive 
cells in reproductive and non-reproductive male and female frogs. In Experiment 1, 
tissues were processed using two identical vasotocin assays; treatment groups were 
randomly distributed between assays. In Experiment 2, all tissues were processed in a 
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single assay for MT1. Slides were thawed and dried on a slide warmer at 37oC for 30 
minutes to enhance tissue adherence to slides. Tissues were further fixed to slides by 
immersion in 4% paraformaldehyde in 0.1M phosphate-buffered saline (PBS; pH 7.4) for 
5 minutes followed by washing 3 times for 5 minutes each in 0.1 M PBS (pH 7.4). 
Fixative was neutralized by immersing slides in 0.1% sodium borohydride (pH 8.5) for 
20 minutes followed by another series of PBS washes (3 × 5 min). Endogenous 
peroxidases were quenched in 1% hydrogen peroxide in 0.1 M PBS for 30 minutes. 
Slides were washed in PBS (2 × 5 min) followed by PBS with 0.3% Triton X (PBS-T; pH 
7.4; 1 × 5 min) and then incubated for 60 minutes in PBS-T containing 10% normal goat 
serum (Experiment 1) or 10% normal horse serum (Experiment 2) and 10% avidin 
(Vector Labs, Inc., Burlingame, CA., USA). The purpose of this step is to reduce binding 
of primary antibodies to molecules other than the peptide of interest, for example, 
endogenous biotin. Treatment of experimental tissue with normal animal sera containing 
greatly reduces nonspecific binding between the primary experimental antibody and non-
target peptides by binding up non-target peptides before the administration of the primary 
experimental antibody. Immunoreactive cells were labelled using a rabbit anti-
vasopressin antiserum (primary antibody for Experiment 1, item 20069, Immunostar, 
Inc., Hudson, WI., USA) at a 1:5000 dilution or a goat anti-melatonin receptor 1a 
antiserum (primary antibody for Experiment 2, item sc13179, Santa Cruz Biotechnology, 
Inc., Dallas, TX., USA) at a 1:500 dilution. Primary antibodies were diluted in PBS-T 
containing 10% serum and 10% biotin (Vector Labs, Inc.). Slides were coverslipped and 
incubated with primary antibody in a humid chamber at 4oC for 48 hours, after which 
they were washed in PBS (2 × 5 min) followed by PBS-T (1 × 5 min). Amplification of 
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the primary antibody signal was achieved by incubating slides for 60 minutes in 
biotinylated (covalently attached to biotin) goat anti-rabbit secondary antibody (for 
vasotocin in Exp. 1; BA-1000, Vector labs, Inc.) or biotinylated horse anti-goat 
secondary antibody (for MT1 in Exp. 2; BA 9500, Vector labs, Inc.) diluted 1:500 in 
0.1M PBS-T. Sections were washed in PBS (2 × 5 min) followed by PBS-T (1 × 5 min), 
incubated in avidin-conjugated horseradish peroxidase (Elite ABC Peroxidase Kit, Vector 
Labs, Inc.) for 60 minutes, and rinsed in PBS (2 × 5 min) followed by PBS-T (1 × 5 min). 
Diaminobenzidine (0.25 mg/ml in 0.2% hydrogen peroxide in 0.05 M Tris-HCl buffer) 
was used to visualize primary antibody binding. The chromogen reaction was halted by 
immersion in nanopure water (3 × 5 min). Slides were then dehydrated in a graded 
ethanol series. The tissue was cleared with Citrisolv (Thermo Fisher Scientific, Inc.) and 
slides were sealed using permount (Thermo Fisher Scientific, Inc.) and glass coverslips. 
 Vasotocin-ir cell and fibre populations have been described previously in several 
amphibians, including H. cinerea. (25, 27, 49, 50).  By contrast, this is the first report of 
MT1 immunohistochemistry in a terrestrial anuran, although MT1 immunohistochemistry 
has been performed in Xenopus laevis, another anuran amphibian (51). To test for 
specificity of the MT1 antibody in H. cinerea, I performed a series of 
immunohistochemistry controls using preabsorption tests. Prior to MT1 
immunohistochemistry, diluted goat anti-MT1 antiserum (1:500) was incubated overnight 
at 4oC with 0, 1, 6 or 12 µg MT1 peptide (sc13179P, Santa Cruz Biotechnology, Inc.) per 
ml antibody solution. I selected these peptide concentrations based on those used by 
Kharwar and Haldar (52). I used one male and one female frog for these tests, with one 
tissue series used for each peptide concentration. Both of these animals were independent 
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from those used in Experiments 1 and 2. All tissue in the preabsorption test was 
processed in the same immunohistochemistry assay.  
 
IMMUNOREACTIVE CELL COUNTING  
Stained tissue sections were examined using an Olympus BX40 microscope with 
a QIClick digital camera and Q Capture Pro imaging software (Q Imaging, Surrey, B.C., 
Canada). Locations of vasotocin- or MT1-ir cell populations were mapped onto 
anatomical frog brain sections adapted from Neary and Northcutt (1983), and Wilczynski 
and Northcutt (1983) (53, 54). Immunoreactive cells within each region of interest were 
counted manually. Slides were coded to ensure the observer was blind to each animal’s 
treatment group. If a tissue section was damaged or missing, the section was assigned the 
mean cell count of the immediately preceding and succeeding sections. If two or more 
consecutive tissue sections were damaged or absent, the animal was excluded from 
analysis for that region. Final sample sizes for each region of interest are shown in 
Figures 2 and 4. 
Cells were identified as round or elliptical stained bodies, often with processes 
and/or vesiculated fibres extending from their somata. Locations of immunoreactive cells 
were mapped onto standard anatomical frog brain sections adapted from Neary and 
Northcutt (1983), and Wilczynski and Northcutt (53, 54) to assign regions of interest to 
observed cell populations. In all cases, the rostrocaudal progression of observed 
populations closely matched the shape of each assigned region in the literature. In the 
event that no distinct boundary was observed between two known regions, the regions 
were counted and quantified together.  In all regions of interest, vasotocin-ir cells in each 
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tissue section were quantified first under 200x magnification and then again under 400x 
magnification. Cell counts were usually identical, but occasionally differed by 1-3 cells. 
In these cases, the section was counted again under 400x. If the replicate count confirmed 
the previous cell number determined under 400x, that number was used as the final cell 
count for that section. If the replicate count again differed by 1-3 cells, the mean of the 
replicate cell counts was used as the final cell count for that section. The total number of 
immunoreactive cells in each brain region was quantified for each individual using one 
series of tissue. The whole brain of each animal in these studies was divided into 4 
different series of 25-µm sections, and therefore each section was separated by 100 µm 
within a series. In the cell populations of interest, vasotocin-ir and MT1-ir cells are 
approximately 10 µm or less in diameter, making double counting of cells split across 
two sections unlikely. In addition, cells were only counted if they were the same general 
size and shape of other cells within the regions of interest, thereby excluding partial cells 
from our cell counts.  
 
STATISTICS 
 I first used a t-test to confirm that body size, measured as snout-urostyle length 
and used as a proxy for brain size, did not differ significantly between treatment groups 
in Experiment 1. In Experiment 2, I used a two-way analysis of variance (ANOVA) with 
sex and season as between-subjects factors to confirm that SUL did not differ 
significantly between groups. Prior to analysis, all cell count data were checked for 
normality and equal variance using the Shapiro-Wilk test; data were transformed as 
necessary. In Experiment 1, I determined whether melatonin influences vasotocin-ir cell 
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number in non-reproductive male green treefrogs using a t-test within each region of 
interest. A non-parametric Mann-Whitney rank-sum test was used to test for differences 
in vasotocin-ir cell number in the NAcc, as transformation failed to correct for non-
normality in these data. In Experiment 2, I used t-tests within each region of interest to 
test for differences in MT1-ir cell number between seasons and sexes. Because our 
sample size of nonreproductive females is too small to produce reliable results via two-
way ANOVA, I restricted our statistical analyses to compare MT1-ir cell number 
between 1) reproductive and nonreproductive males and 2) reproductive males and 
females during the summer breeding season. All statistical comparisons were considered 
significant at p ≤ 0.05.  
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Table 1: Photoperiod, thermoperiod and hygroperiod regimes used for acclimatization of green 
treefrogs (Hyla cinerea) used in Experiments 1 and 2. Environmental chamber set points for 
photoperiod, thermoperiod, and hygroperiod based on meterological data for Houma, Louisana in 
2011.  
 
Acclimatization 
Period  
Experimental 
Timeline 
Photoperiod 
 (h L:D) 
Thermoperiod 
 (oC L:D) 
Hygroperiod 
 (%L:D) 
Wks 1-4 
 
 
Animals arrive in lab; 
summer-acclimatised 
frogs for Exp. 2 
euthanised wk 3.  
13:11 
 
 
28:20 
 
 
90:60 
 
 
Wks 5-8   13:11 24:16 90:55 
Wks 9-11  12:12 20:12 85:50 
Wks 12-14  11:13 15:9 85:45 
Wks 15-20 
 
 
Experiment 1 males 
implanted wk 16; all 
winter animals for 
Exps. 1 and 2 
euthanised wk 20 
10:14 
 
 
 
12:4 
 
 
 
80:50 
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RESULTS 
 
 
Experiment 1: Influence of Melatonin on vasotocin-ir cells 
Similar to previous studies (1, 25) I observed five discrete regions of vasotocin-ir 
staining in male frogs (Fig. 1). Immuoreactive cell bodies were quantified in the nucleus 
accumbens (NAcc), the medial and lateral amygdala (AMG), the anterior pre-optic area 
(POA), suprachiasmatic nucleus (SCN), and ventral hypothalamus (VH).  I also observed 
immunoreactive cell bodies in the magnocellular region of the POA, but was unable to 
consistently discern the boundaries between this area and the anterior POA due to the 
very high number of stained cells in these regions. Accordingly, ir-cells counted within 
the magnocellular region of the POA were grouped with cell counts from the anterior 
POA for analysis. Similarly, vasotocin-ir cells were observed in the caudal striatum, but 
the boundaries between this region and the amygdala were frequently unclear, so cell 
counts from the AMG represent the combined data from the central and medial AMG and 
the caudal striatum.  
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Fig. 1. Distribution of vasotocin-ir cells in nonreproductive male green treefrogs (Hyla cinerea). Example 
photomicrographs are brain tissue sections from the nucleus accumbens (A,F), medial and lateral amygdala 
(B,G), pre-optic area (C,H), suprachiasmatic nucleus (D,I), and ventral hypothalamus (E,J). Inset boxes in 
A-E (40x magnification) represent magnified spaces in F-J (400x magnification). Scale bars = 50 µm, 
arrows indicate immunoreactive cells. Bar graphs (K-L) show the influence of melatonin on vasotocin-ir 
cell number within the nucleus accumbens (K), medial and lateral amygdala (L), pre-optic area (M), 
suprachiasmatic nucleus (N), and ventral hypothalamus (VH; O). For all regions, data are the mean number 
of vasotocin-ir neurons +1 SE. Sample sizes are listed within the bars above the x-axis.  
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Treatment with melatonin did not significantly alter vasotocin-ir cell number in 
non-reproductive male frogs in the NAcc (Fig. 1C; U = 22.00, df = 13, P = 0.536), AMG 
(Fig. 1F; t = 0.976, df = 13, P = 0.347), POA (Fig. 1I; t = 0.976, df = 13, P = 0.347), SCN 
(Fig. 1L; t =  -0.304, df = 13, P = 0.766), or VH (Fig. 1O; t = -0.245, df = 10, P = 0.811). 
Body size did not differ significantly between treatment groups (t = 0.127, df = 15, p = 
0.901). In contrast to previous studies, I observed very few vasotocin-ir cells in the NAcc 
in both treatment groups. Most males showed no stained somata in the NAcc, although 
some fibres were observed toward the caudal end of the NAcc. In animals where staining 
was observed, only one to three vasotocin-ir cells were observed (fig. 1A, E). 
 
 
Experiment 2: Seasonal and Sex Variation in MT1-ir cells 
 
I observed MT1-ir staining in many regions throughout the brain of green 
treefrogs (Fig. 2). As expected, all staining disappeared when the primary antibody was 
pre-absorbed with 6µg MT1 peptide per ml antiserum (Figure 3). In this study, I 
quantified MT1-ir cell bodies in brain regions known to contain vasotocin cell or fiber 
populations, including the NAcc, AMG, POA, SCN, and VH. Rostrally, cells were 
quantified in the diagonal band of Broca, the NAcc, and the medial and lateral septum. 
However, there were no discernable boundaries between any of these regions, and 
therefore I counted all cells in these areas as a group designated the NAcc region. 
Similarly, due to the high numbers of cells in both the POA and the SCN, and the lack of 
a distinct rostrocaudal boundary between these cell populations, the POA and SCN were 
counted as one population. Cell bodies were also quantified in the medial and lateral 
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amygdala (AMG), the dorsal and ventral striatum (STR), and the ventral hypothalamus 
(VH). I observed variable morphology in stained cells, suggesting that MT1-ir cell counts 
include both glial cells and neurons.  
Body size (measured as snout-urostyle length and used as a proxy for brain size) 
did not vary significantly between sex (F1,30 = 0.0274, p = 0. 870) or season (F1,30= 
0.0004, p = 0.958). The interaction term was also statistically non-significant  (F1,30 = 
1.215, p = 0.280). Data from nonreproductive females are included in figures for 
reporting purposes and comparison to males, but I excluded from statistical analyses due 
to low sample sizes.    
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Fig. 2. Distribution of all observed MT1 immunoreactivity in green treefrogs (Hyla cinerea) across sex and season. 
A. Schematic showing the sagittal view of the frog brain (redrawn from (1), the rostral portion of the brain is oriented 
to the left. The dotted vertical lines denote the level of sections through MT1 cell populations. B-J: Drawings of 
coronal sections through the brain show the locations of MT1-ir somata as dots within denoted brain regions: (AOB), 
diagonal band of Broca (D), medial (MS) and lateral (LS) septum, dorsal (DS) and ventral (VS) striatum, nucleus 
accumbens (NAcc), and ventral pallium (VP), medial (MS) and lateral (LS) septum, dorsal (DS) and ventral (VS) 
striatum, medial and lateral amygdala (AMG), pre-optic area (POA), anterior enteropeduncular nucleus (EA), 
suprachiasmatic nucleus (SCN), bed nucleus of the stria medullaris (BM), and pineal gland (P). Optic nerve labelled 
for reference (ON), no immunoreactivity observed. H-J: Suprachiasmatic nucleus, lateral (LH) and ventral 
hypothalamus (VH), periventricular nucleus (PVN), pretoral (PtrG) and pretectal (PtG) grey matter, and tectal 
laminae (TL) 
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In all regions in which MT1-ir cells were quantified, reproductively active, 
summer-acclimated males had significantly more MT1-ir cells than non-reproductive, 
winter-acclimated males (Fig. 4): NAcc (t = 4.846, df = 15, p <0.001), STR  (t = 2.63, df 
= 14, p = 0.020), AMG (t = 4.011, df = 15, p = 0.001), POA and SCN (t = 5.034, df = 16, 
p < 0.001), and the VH (t = 6.084, df = 14, p < 0.001).  
A within-season sex difference was observed in reproductively active frogs within 
the NAcc, where males had significantly more MT1-ir cells than females (fig. 4A, t = 
2.463, df = 11, p = 0.031). In contrast, there were no sex differences in MT1-ir cell 
number in the STR (fig. 5B, t = 0.337, df = 10, p = 0.743), AMG (fig 5C, t = 0.285, df = 
11, p = 0.781), POA and SCN (fig 5D, t = 0.916, df = 12, p = 0.377), or the VH (fig. 5E, t 
= 1.544, df = 8, p = 0.161).  
 
Fig. 3. Example photomicrographs of MT1 antiserum preabsorption tests. Immunoreactive staining is shown 
following preabsorption of the antiserum (1:500 dilution) with (A) 0, or (B) 6, µg MT1 peptide. Scale bars = 
50 µm. 
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Fig. 4. Seasonal and sex 
differences in MT1-ir cell 
number in green treefrogs 
(Hyla cinerea) in the 
nucleus accumbens (A), 
STR (B), medial and lateral 
amygdala (C), pre-optic area 
and suprachiasmatic nucleus 
(D) and ventral 
hypothalamus (E). Data are 
mean number of MT1-ir +1 
SE. Asterisks indicate p < 
0.05, double asterisks 
indicate p ≤ 0.001. Sample 
sizes for each group are 
indicated above each x-axis. 
Data for winter females are 
included for reporting 
purposes but were not 
excluded from statistical 
analysis due to low sample 
sizes.   
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DISCUSSION AND CONCLUSIONS 
 
Melatonin modulates arginine vasotocin-ir cell number in the brain of male green 
treefrogs (Hyla cinerea) during the summer breeding season, and this modulation is 
sexually dimorphic (1). In this study, I demonstrate that melatonin’s influence on 
vasotocin neuron number varies seasonally in males: vasotocin-ir neuron number did not 
change in response to melatonin treatment in winter-acclimatized, nonreproductive male 
frogs, but did change in reproductively active summer males (1). Taken together, these 
results suggest that melatonin’s influence on vasotocin may be associated with sex and 
seasonal variation in melatonin receptor expression. To test this hypothesis, I 
characterized the distribution of MT1 peptide across sex and season in regions known to 
contain vasotocin cell and fibre populations. Our results demonstrate that reproductive, 
summer-acclimated males had significantly more MT1-ir cells than nonreproductive, 
winter-acclimated males in all brain regions, including the NAcc, STR, AMG, 
POA/SCN, and VH. In the NAcc region, where melatonin’s effect on vasotocin is known 
to be sexually dimorphic during the breeding season (1), males had significantly more 
MT1-ir cells than females during the summer breeding season. I suggest that MT1 plays a 
role in mediating the interactions between melatonin and vasotocin that regulate seasonal 
and sexually dimorphic changes in social reproductive behavior. 
Seasonal and Sex Differences in Vasotocin/Vasopressin: Regulation by Melatonin 
 The vasotocin/vasopressin neuropeptide system is a well-known modulator of 
social and reproductive behavior (22). Seasonal variation in the vasotocin/vaso 
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neuropeptide system has been extensively documented in a variety of vertebrates, and 
higher vasotocin/vasopressin neuron number during the breeding season is often observed 
(22, 25, 42). Sex dimorphism in brain vasotocin is also widespread; males typically have 
more and/or larger vasotocin/vasotocin neurons than females (1, 22). Based on these 
observations, sex steroid hormones have been suggested as potential mediators of 
seasonal and sex variation in vasotocin/vaso. Increases in brain vasotocin/vasotocin are 
frequently concomitant with seasonal increases in androgen concentrations (22, 25, 55). 
However, socially-induced increases in testosterone do not influence brain vasotocin in 
males in at least two species: green anoles (Anolis carolinensis) and green treefrogs (Hyla 
cinerea) (25, 56). Further, though Lutterschmidt and Wilczynski (2012) found that 
although treatment with exogenous melatonin decreased vasotocin-ir cell number in the 
brain of green treefrogs, it did not influence plasma concentrations of sex steroid 
hormones. These results suggest that fluctuations in sex steroid hormones are not the 
primary mechanism driving seasonal variation in vasotocin-ir cell number. Rather, 
several studies have demonstrated that seasonal and sex differences in 
vasotocin/vasopressin may be mediated by the pineal hormone melatonin (1, 20, 43, 57).  
 The indoleamine hormone melatonin is an endocrine transducer of photoperiod 
and temperature, and entrains endogenous rhythms to changing environmental contexts 
(3). Not only does melatonin influence reproduction in many vertebrate taxa (1, 6, 58), 
but it has also been shown to modulate brain vasotocin in both in vivo and in vitro studies 
(1, 59). Accordingly, melatonin is a good candidate as a direct regulator of seasonal 
changes in brain vasotocin as it relates to reproduction. Recently, Lutterschmidt and 
Wilczynski (2012) showed that treatment of reproductively active male green tree frogs 
 28 
(Hyla cinerea) with melatonin significantly decreased vasotocin-ir cell number in the 
NAcc and the SCN, but not in the POA, AMG or VH. Additionally, reproductively active 
female frogs were insensitive to melatonin in all vasotocin neuron populations. In the 
present study, I show that treatment with melatonin does not influence vasotocin-ir cell 
number in any vasotocin population in nonreproductive male H. cinerea. Taken together, 
these results indicate that melatonin inhibits vasotocin during the breeding season in male 
green treefrogs, but not during the non-breeding season or in females. 
 It is possible that differences in melatonin’s influence on vasotocin-ir cell number 
between Lutterschmidt and Wilczynski (2012) and our study are an artifact of using 
different populations of treefrogs. Hyla cinerea in this study were collected from natural 
breeding populations in Louisiana, while frogs in Lutterschmidt and Wilczynski (2012) 
were collected from natural breeding populations in Georgia. However, this degree of 
divergence seems unlikely at the population level, especially given that locations of 
vasotocin/vasopressin neurons are well conserved across vertebrates, including treefrogs 
(1, 22, 23, 25).  
It is worth noting that I observed a paucity of vasotocin-ir cells in the NAcc in 
winter-acclimated male frogs regardless of treatment condition. The NAcc is a brain 
region associated with appetitive reproductive and social behavior in vertebrates, 
including anurans (23, 60). It is possible that the observed scarcity of vasotocin-ir 
neurons in the NAcc in winter-acclimated males in this study is related to their non-
reproductive state. A related observation in European hamsters (Cricetus cricetus) 
supports this notion: dense, sexually dimorphic vasotocin innervation present in 
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reproductively active male hamsters during spring is almost completely absent in autumn, 
just before hibernation (61). Thus, marked reduction and subsequent recrudescence of 
vasotocin/vasopressin innervation associated with changes in reproductive state may also 
be a conserved feature of this neuropeptide system. Further studies are necessary to 
evaluate this hypothesis.  
Sex and Seasonal Variation in Melatonin Receptor 1a 
Vasotocin neuron populations exhibit seasonal and sex variation in their responses 
to melatonin, therefore I postulated that these results might reflect variation in melatonin 
receptor density and/or distribution in the brain. Like most vertebrates, anuran 
amphibians possess three subtypes of membrane-bound, G-protein coupled melatonin 
receptors: Mel1a, Mel1b, and Mel1c (MT1, MT2, and MT3 in mammals) (62-64). Recent 
studies indicate that the MT1 receptor is the subtype responsible for regulating 
neuroendocrine changes associated with seasonal reproduction (45, 46). Further, in 
Siberian hamsters (Phodopus sungorus) and humans (Homo sapiens), MT1 receptors 
have been shown to localize within vasopressin neurons in the suprachiasmatic nucleus 
(47, 48), suggesting that melatonin can directly modulate vasopressin neurons via a 
receptor-mediated mechanism.  
I sought to characterize the distribution of MT1-ir cells in pursuit of 
understanding the mechanism by which melatonin regulates vasotocin in green treefrogs. 
I found significantly higher numbers of MT1-ir cells in all brain regions of reproductively 
active males compared to nonreproductive males. These results indicate that in male H. 
cinerea, brain vasotocin cell populations are more sensitive to melatonin signalling 
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during the summer breeding season than they are during the non-reproductive months.  
Thus, MT1 receptors may be integrating vasotocin/vasopressin-mediated changes in 
social reproductive behavior with changing environmental conditions. In support of this 
hypothesis, two mammals possessing only functional MT1 receptors, Siberian hamsters 
(Phodopus sungorus) (46) and Dorset ewes (65), still exhibit photoperiodic breeding. 
Thus far, no evidence of an interaction between vasopressin and MT1 has been observed 
in sheep, but in Siberian hamsters, MT1 receptors localize within vasopressin neurons 
(47), and administration of a MT1 receptor agonist under long-day conditions induces 
gonadal regression, reduced gonadotrophin secretion and other indicators of transition to 
a non-reproductive state (46). 
Previous studies have demonstrated that like cricket frogs (Acris crepitans) 
reproductive male green treefrogs have significantly more vasotocin-ir cells in the NAcc 
than reproductive females (1, 23), and our study shows that the same is true for MT1-ir 
cells. The NAcc is associated with appetitive and consummatory reproductive behavior in 
vertebrates, including advertisement calling (23, 60, 66, 67). Only male green treefrogs 
produce advertisement calls (44), therefore it is likely that the sex differences in the 
response of vasotocin neurons to melatonin reflect the sexually dimorphic mating 
strategies in this species, particularly during the appetitive phase. A similar finding in 
house sparrows (Passer domesticus) showed sexually dimorphic binding of 2-
[125I]iodomelatonin (IMEL), an indicator of melatonin sensitivity, in the brain. In this 
study, male house sparrows showed IMEL binding in areas critical to song control, while 
females lacked IMEL binding in these areas (68). Like anurans, vasotocin is known to 
regulate advertisement calling in seasonally breeding passerine birds (69, 70), and in both 
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groups, calling must occur at specific times of day. Therefore, it is possible that the 
increased melatonin sensitivity in brain regions related to appetitive sexual behavior like 
reproductive vocalization is related to seasonal regulation of  advertisement call 
production. 
Although the vasotocin/vasopressin system is very well studied, most studies have 
focused on males. In anurans and urodeles, sex dimorphism in brain vasotocin tends to be 
male-biased (23, 28, 71), and treatment of males with vasotocin facilitates or increases 
male reproductive behaviors (23, 24, 34, 38, 39, 41, 72). However, vasotocin can, for 
example, induce phonotaxis and inhibit release calling in female bullfrogs (Lithobates 
catesbeiana) (27, 71). Although vasotocin may regulate related aspects of social 
reproductive behavior in some male and female amphibians, in general nonapeptide 
regulation of female reproductive behavior remains enigmatic (e.g., Wilczynski et al. 
2005). For example, Lutterschmidt and Wilczynski (2012) showed that melatonin does 
not alter brain vasotocin in female green treefrogs, suggesting that females do not exhibit 
seasonal changes in vasotocin-ir cell number. Moreover, relative to male H. cinerea, 
females also showed very little seasonal variation in MT1 immunoreactivity in the NAcc 
and STR (but note small sample sizes of nonreproductive females). Further studies are 
necessary to understand the role of the vasotocin/vasopressin system in female 
reproductive behavior, as well as if and how melatonin and MT1 mediate seasonal 
changes in vasotocin/vasopressin in other vertebrate systems.  
In contrast to the NAcc, no sex differences in MT1-ir cell number were observed 
in reproductive frogs in the STR, AMG, POA/SCN, or VH. Our results corroborate those 
of Lutterschmidt and Wilczynski (1), where the effect of melatonin on vasotocin-ir cells 
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did not vary with sex during the breeding season in the AMG, POA, or VH. The AMG is 
associated with sexual behavior, fear, and aggression, while the POA and VH are 
involved in regulation of water balance and production and secretion of 
neurohypophyseal hormones, respectively. Thus, lack of sexual dimorphism in these 
regions both in vasotocin’s response to melatonin, and MT1-ir cell number may relate to 
a need to maintain aggressive and/or sexual behaviors and maintain osmotic homeostasis 
during the breeding season regardless of sex. Very little is known about the specific 
function of MT1 in brain regions other than the SCN, and much of the recent work on 
this receptor has been in disease models (73, 74). However Imbesi et al. (2008) found that 
melatonin regulates clock gene expression in in vitro preparations of striatal neurons via 
MT1 (75). Males and females must occupy the same temporal niche in order to reproduce 
successfully. Therefore, it is possible that the lack of sexually dimporphic MT1 
expression in the striatum during the breeding season represents conserved regulation of 
non-appetitive biological rhythmicity between sexes.  
Within the SCN, melatonin decreases vasotocin-ir cell number in males but not in 
females during the summer breeding season (1). Based on these results, I hypothesized 
that I would observe a concomitant sexual dimorphism in MT1 immunoreactivity in this 
brain region, especially given it’s known role in regulation of seasonal reproduction. 
Unexpectedly, our study shows no sex difference in MT1 immunoreactivity in this 
region. The SCN are paired nuclei that function as the physiological “master clock”; they 
entrain endogenous rhythms in other “slave clocks” throughout the vertebrate body (76). 
The observed sex difference in melatonin’s modulation of vasotocin during the breeding 
season doesn’t necessarily require that MT1 cells are sexually dimorphic in this region. It 
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is possible that other subtypes of melatonin receptor (i.e. MT2, MT3) are responsible for 
regulating sex differences in melatonin sensitivity of vasotocin neurons in the SCN. 
Further studies are necessary to determine if selective melatonin agonists or antagonists 
produce varied responses in vasotocin-ir cell populations. 
 Our results indicate that brain vasotocin exhibits reduced sensitivity to melatonin 
signalling in nonreproductive male green treefrogs. The results from our melatonin 
receptor assay corroborate this: MT1-ir cell number, thought to be the melatonin receptor 
regulating seasonal reproduction, is significantly lower in nonreproductive, winter-
acclimatized frogs compared to reproductively active frogs. I also show that the NAcc, a 
region known to regulate appetitive sexual behavior, is more sensitive to melatonin 
signalling in reproductively active males than in reproductively active females. Based on 
these findings, I postulate that melatonin modulates vasotocin directly, with MT1 
possibly localizing within vasotocin neurons in green treefrogs. Findings in mammals 
support this hypothesis: Vasotocin and MT1 mRNA are co-expressed in SCN cells in 
Siberian hamsters (Phodopus sungorus) (47). At the peptide level, co-occurrence of 
vasotocin and MT1 immunoreactivity within the same neurons has also been shown in 
the human SCN, and also in the parvocellular and magnocellular POA (48). Collectively, 
these results suggest that melatonin modulates brain vasotocin via MT1. Further studies 
are necessary to determine at what levels melatonin regulates brain vasotocin/vasopressin 
in vertebrates. This will further elucidate the neuroendocrine mechanisms by which 
vertebrates integrate seasonal cues to correctly time critical life history events such as 
reproduction.  
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